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Abstract
Cathodoluminescence (CL) as other luminescence phenomena depends strongly on temperature. The effect of temperature on
both energy position of CL and its intensity should be considered in experiment analysis. Previous works [1] assume that the
radiative recombination is provided only by the direct recombination of excess carriers between the conduction band and the
valence band and at room temperature .A calculation model is developed in order to study the influence of temperature on the
energy position and the intensity of CL. This model takes into account the electron beam effect and the dependence of optical and
electrical material parameters with temperature .These parameters are energy gap, absorption coefficient, diffusion coefficient,
diffusion length and intrinsic carriers density. The recombination process depends on temperature, and it may be direct or by the
intermediate of recombination centres (traps). In the present paper, the influence of temperature on energy position and CL
intensity is examined. A comparison between the numerical results of the model and experimental data for n-GaAs given by the
literature is established.
© 2009 Elsevier B.V.
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1. Introduction
Characterization of electrically active defect in semiconductor is quite important for device application. Defects
and complex defects introduce the energy levels in the gap. Complex defects are formed between the defects
impurities (doping, already present in the starting material) and the created intrinsic defects (vacancy, interstitial and
substitution position, anti-site). Defects complex involve nearest -and second–neighbor point-defect pairs. These
later depend, in general, on the grown methods, the doping and post-treatments (annealing, hydrogenation, and
implantation) .Defects can be radiative or nonradiative. The measurements using different experimental techniques
such as Deep Level Transient Spectroscopy (DLTS) [2], Cathodoluminescence (CL) [3] and Photoluminescence
* Amor Djemel. Tel.: + 213 31 81 88 72; fax: + 213 31 81 88 72.
E-mail address: djemelamor@yahoo.fr.
Received 1 January 2009; received in revised form 31 July 2009; accepted 31 August 2009
Physics Procedia 2 (2 09) 45–851
www.elsevier.co /locate/procedia
doi:10.1016/j.phpro.2009.11.034
Open access under CC BY-NC-ND license.
2 A. Djemel/ Physics Procedia 00 (2009) 000–000
(PL) [4, 5] allow to obtain a quantitative spectroscopy of the energy levels associated with defects. In GaAs, much
energy levels associated with defects are determined and vary between Ec-0.215 and Ec-0.825 and between Ev+0.69
and Ev+0.886 with capture cross section  of 10-12 and 10-16 cm2 [2,6].
The cathodoluminescence mode of the Scanning Electron Microscopy (SEM) and the photoluminescence are
frequently used to study the radiative complex defects, particularity, which are formed by heavily doped materials
and having the energy levels near to the gap middle[2-5].
Recently, some experimental data of temperature dependence of energy position and intensity of
cathodoluminescence (ICL) have been published for n-type GaAs [3]. It has been shown that the luminescence bands,
noted C Band and D Band in n-type GaAs:Si, are related to two possible kinds of gallium vacancy-related complex,
(SiGa VGa SiGa) and (SiGa VGa ).The luminescence band C and D have an energy position of 0.95 eV and 1.14 eV
below the conduction band respectively. These are localized at 0.5eV and 0.3eV above the valence band
respectively. Their excited states are shallow levels localized at E (22meV) below the conduction band. Equally,
Dierre et al [7] have studied the effect of electron beam irradiation on ZnO and GaN by using the
cathodoluminescence .It has been found that the variations of CL intensity depends not only on the specimen and the
electron beam conditions but also on the nature of luminescence centres and the chemical nature of material surface.
It should be noted that there is only a qualitative description to explain the influence of material paramaters on
energy position and CL intensity. Concerning the entire CL intensity (bandedge emission), there are some
correlations between the CL intensity and the surface properties. These are explained by the introduction of the
concept of “dead layer” (i.e. a surface zone with nonradiative recombination). These are used for fitting the CL
measurements at room temperature with the Wittry-Kyser theory [8-9]. The temperature dependence of entire CL
intensity has been developed by Jones et al [10]. However, a large discrepancy exists between the theoretical
calculation and the experimental data.
Recently, a new theoretical study of the CL signal is suggested [1]. In this latter model, the electronic surface
properties that are the charge sign and the charge density at the surface have been taken into account. The
consequence of electronic surface states Et in the gap associated with surface defects (density Nt ) consists in the
existence of a depletion region that is linked to a barrier height between the free semiconductor surface and the bulk
crystal. When carriers are created at the surface by electron beam irradiation, the electric field (E) within the space
region drifts both electrons and holes but in the opposite directions. The recombination of the carriers moved to the
surface on defect states changes the surface charge density which results in a change of the space charge layer. This
change induces a redistribution of the carrier concentration which governs the CL intensity. The recombination is
treated using the Shockley-Read-Hall theory. The depletion region depends on the injection conditions (primary
intensity Ip, energy of electron beam E0). This model treates the bandedge emission at room temperature. The CL
intensity is assumed to be proportional of the exess carriers p(z) generated by the electron beam excitation. To
obtain p(z) and the barrier height Eb, the continuity equations of both majority and minority carriers are solved in
the neutral and depletion regions in a self-consistent way. The influence of surface parameters (Nt, Et) and bulk
parameters (diffusion length (L), doping (Na ), absorption coefficient ()) on the CL signal for p-GaAs have been
studied previously [1,11,] .For n-GaAs, a comparison between the numerical results of the model and experimental
data, given by the literature [12-13], is considered .It is necessary to note that the connection between the movement
of the energy levels Et and the surface recombination Vs, has been established [12-13].
The present paper re-examine the considered model [1] with following improvement:
- the temperature effect induced by primary electron beam
- the dependence temperature of parameters material
- it is supposed that the recombination centre induce a radiative transition. Since, the energy levels associated
with complex defects are near to the gap middle, and it is admitted that the surface and the volume defects
responsible of the cathodoluminescence are the same.
Using this model, an improvement in the fitting of experimental data is shown. The numerical results of this
model and a comparison with experimental data in the n-GaAs [3], given by the literature, are presented.
2. Theoretical Study
Two mains reasons make that the CL intensity depends of temperature in the Scanning Electron
Microscope(SEM).
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First, the heat induced by electron beam, in this case, the rise of temperature under cathodic bombardment has
been studies and the relationship used for this purpose is given by [14]:
π
=Δ
0T
0p
dC
0CVI
81.0T (1)
d0 is the beam radius, CT is the thermal conductivity, and Ip, V0, are the beam current intensity, the electron beam
voltage respectively. C0 is a correction factor depending on the ratio of the beam penetration depth to the beam
diameter.
Second, the temperature change affects the band structure. So all physical parameters controlling the optical and
electrical phenomena (emission, absorption, gap, mobility of carriers, diffusion, intrinsic concentration, Fermi
level…) are affected.
The CL intensity is the result of radiative recombination of excess minority carriers p(z) for n-type
semiconductor. The excess minority carriers p(z) are created by cathodic excitation in the neutral region. It
supposes a proportional dependence between the CL intensity (ICL), the excess carrier Δp(z) and the radiative
recombination efficiency ( )T(η ). )T(η , defined as the ratio of the radiative recombination rate Rrr (p(z)/ r) to the
total recombination rate R(p(z)/), depends strongly on temperature.
The CL intensity ( ICL ) could be written as follow [15]:
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p is the life time of minority carriers.
The efficiency of radiative recombination η(T) is written as[15]:
( )
rnr
nrT
τ+τ
τ
=η (3)
nr and r are the life time of noradiative and radiative recombination respectively .
αb is the  absorption coefficient written for the direct gap material, as[16 ]:( ) ( )( ) 2/1g0b TETh −να=α (4)
Eg (T) is the energy gap.
In this expression Eg and hν are in eV,  αb is in cm-1, and α0 =2.104 .
The Eg (T) is expressed as [17]:
( ) ( )
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Eg(0) is the energy gap at 0K, and b, θ are constants. For GaAs material, Eg(0)=1.519 eV, b=5.405.10-4 eV/K,
θ=204K.
In the case where the absorption is due to the defect, having a capture cross section  and a density Nt, b is given
by [18]:
tb Nσ=α (6)
The excess carrier concentration Δp(z) is determined by solving :
-the continuity equations of both majority and minority carriers in the depletion region.
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-the continuity equation of minority carriers in the neutral region:
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G(z) is the generation rate approximated by a modified Gaussian [19]. DP(n) , τp(n) are the diffusion coefficient and
the life time of minority (majority) carriers respectively, and are expressed as :
( )
e
kTTD
P
P
=
μ
(10)
( ) PPP .DTL τ= (11)
kT2/eN 2d ε=α (12)
 is the electrical permitivity
Assuming that Q is the absolute charge at the surface, it can be written as:
efNeZNQ tdd == (13)
Zd is the depletion region width which depends on temperature by means of Nd the concentration of ionized donors
Nd and f. f is the occupation probability of the energy level Et (T) and is given by [20]:
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Δn(0) and Δp(0) are the electron and hole excess carrier concentration at the surface respectively and ni is the
intrinsic carrier concentration.The energy level Et (T) associated with the recombination center is given by:( ) ( ) ( ) EThTETE gt Δ−ν−= (15)
h(T) is the energy position of the luminescence band below the conduction band.E is the energy position of the
excited states of the luminescence band C and D below the band conduction[3].
The temperature dependence of h(T) is calculated from experimental data in [3] and is given by:
( ) T211012.1Th 4−+=ν for C band (16)
( ) T710.293.0Th 4−+=ν for D band (17)
The electron and hole concentration at the surface n0 and p0 respectively are given by:
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Eb is the barrier height and is written as:
ε= 2/ZNeE 2dd
2
b (20)
Hence, Δp(z) is given by
BP = )zz(p d=Δ is a constant and it represents the excess carriers at the limit between neutral region and depleted
region (Z=Zd). It is determined by the limits conditions [1], which depends on the injection conditions such as
primary intensity( Ip ) and energy of the electron beam ( E0 ).
Finally ,the CL intensity depends on intrinsic parameters of semiconductor (gag Eg ,intrinsic concentration ,Fermi
level….), on parameters of excess carriers (diffusion length Lp ,life time p) and on parameters of the recombination
center (Et(T), Nt, η(T), ) .
3. Results and discussion
The heat induced by electron beam has shown a linear dependence between the rise of temperature (T) under
electron bombardment and the excitation levels (Eq:1).For typical condition of Ip =10-8 A, E0 =40KeV and d0 the
beam radius equal at 0.1 	m, the temperature rise (T) is about 20K . The variation of CL Intensity, which depends
of the injection conditions (Ip ,E0), is important if the temperature is less than 200K (Fig 1) and especially at lower
temperature .In the temperature range , the rise temperature (T) should not be neglected.
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Fig 1: CL Intensity versus temperature in GaAs:Si (Numerical results, Ip=10-10A, Eo =10KeV, Et=0.3eV)
The aim of the comparison between theoretical results and experimental data, is not only to investigate the
validity of the theoretical studies but also to estimate some quantitative parameters of excess carriers and of the
recombination centre.
The comparison between the numerical results of the model and the Lei and Leipner [3] experimental data of
luminescence band (C band (Et =0.3eV) and (D band (Et =0.5eV)) are shown in Fig 2 and Fig 3 respectively.
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Fig 2: CL Intensity versus temperature for C band in GaAs:Si [3] Numerical results (
) Experimental data () (Et=0.3eV) )
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Fig 3: CL Intensity versus temperature for D band in GaAs:Si [3] Numerical results (
) Experimental data () (Et=0.5eV)
In the curves of numerical results, Some parameters used by Lei and Leipner [3] and Saunay et al
[21](E0=20keV,Nd=1.5.1018 cm-3, ΔE=22meV) are introduced in the present model .
It is clear that there is a good agreement between the numerical results and experimental data. The good
agreement is obtained with an electron beam radius d=0.5μm,a capture cross section  and a efficiency of radiative
recombination η(T) both depending of recombination centre .
η(T) is given by:
( ) ( )ATexpC1T −+=η (22)
C and A are constant.
Also for C band (Et =0.3eV), CC=160 and Ac=0.13 and C = 10-14 cm2, and for D band (Et =0.5eV), CD=204
and AD =0.14 and D =10-16 cm2 .
It appears that the difference between the C band and the D band is due to the parameter of radiative
recombination centre.
It should be mentioned that, the previous equation η(T) describes the physical processes of the carriers
recombination.
4. Conclusion
A model for simulating temperature dependence of cathodoluminescence in semiconductors has been developed
and discussed. The reformulation of the CL intensity (ICL) using the efficiency of radiative recombination gives the
best fitting with experimental data. Moreover, the suggested model allows the exploration of the CL at lower
temperature and the estimation of some quantitative parameters on the recombination centre.
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